The present article deals with the description of electron scattering on the different types of point defects in zinc blende ZnSe on the basis of short-range principles. The electron interaction with polar and nonpolar optical phonons, piezoelectric and acoustic phonons, neutral and ionized impurities and static strain centers is considered. The electron transition probabilities and, respectively, the kinetic coefficients in zinc selenide, were calculated using the numerical eigenfunction and self-consistent potential obtained within the ab initio density functional theory. The latter were evaluated using the projector augmented waves formalism as implemented in the ABINIT software suite. We investigated ZnSe samples with defect concentration 4.7 9 10 15 -1.08 9 10 17 cm À3 , then calculated temperature dependencies of electron mobility and Hall factors in the range of 20-400 K. It is shown that the theoretical curves obtained in the framework of short-range scattering models much better coincide with experimental data than the curves calculated on the basis of long-range scattering models.
INTRODUCTION
In our series of previous papers, [1] [2] [3] [4] we have shown the disadvantages of the long-range models concerning the electron scattering on the point defects in II-VI and III-V semiconductors and proposed a new approach for description of the transport phenomena on the basis of short-range principles. However, in the proposed short-range approach one disadvantage remains, namely the presence of some numerical fitting parameters whose numerical values cannot be set without the availability of experimental data. On the other hand, in Ref. 5 , a modification of this short-range approach was considered that enables us to eliminate the majority of the fitting parameters. The essence of this modification is to use the numerical eigenfunction and self-consistent crystal potential, obtained within the ab initio density functional theory (DFT), for calculation of the electron transition probabilities. The electron wave function and crystal self-consistent potential were obtained using projector augmented waves (PAW) as implemented in the ABINIT software. 6 Attempts to describe the transport phenomena in semiconductors on the basis of the first principles are presented in the literature. [7] [8] [9] [10] [11] However, the convergence of the proposed calculations is questionable. 11 In the present article we use the sufficiently precise method proposed in Ref. 5 for calculating the kinetic coefficients of zinc selenide.
THEORY The Electron Wave Function
The electron wave function in the conduction band, needed for the evaluation of kinetic coefficients of ZnSe crystal, is searched as a solution of the Schrödinger equation:
where H is the Hamiltonian operator; w ak is the eigenfunction; E ak is the energy eigenvalue, a is the band number and k denotes the vector in the first Brillouin zone.
The oscillating electron wave function in the atom w n ðrÞ can be represented in terms of the projector augmented waves (PAW) 12 :
wherew n ðrÞ is the smooth function, and the transformation operator
is based on the all-electron basis functions / a a , pseudowave functions/ a a and projector functions p a a . In Eq. 3 a denotes the quantum numbers, and a enumerates the atom augmentation spheres.
Substituting the function defined in Eqs. 2 and 3 into the Schrödinger Eq. 1, we get a system of linear equations 12, 13 :
wherew ak is the smooth pseudowave function and the electron eigenenergies E ak are the same as those presented in the Schrödinger Eq. 15 The output files of the Atom-PAW code contain the full set of data, which are input parameters for initiation of the ABINIT code. 6 The wave functions and electron energies of the ZnSe crystal were obtained by means of the ABINIT software. The experimental value of the lattice parameter a 0 = 5.6687 Å was used in the calculation. The number of the plane waves for the pseudowave functionw ak expansion was defined by the maximum value of energy E cut ¼ 64 Ry. We calculated the electronic density and crystal's Coulomb potential on the denser grid defined by limiting energy 128 Ry. Integration over the Brillouin zone was carried out on the Monkhorst-Pack 8 9 8 9 8 grid. 16 In this way, we came to the conclusion that well converged results are obtained with a MonkhorstPack grid 8 9 8 9 8 and limiting energies 64 Ry and 128 Ry. A detailed convergence justification of the self-consistent electron energy spectrum calculation of the crystal ZnSe is presented in Table I . Here a is the coefficient in the PBE0 hybrid exchange-correlation potential, 17 E is the cutoff energy E cut (in Ry), and the third column presents the Monkhorst-Pack grid.
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Short-Range Scattering Models
To describe the electron-phonon interaction, the wave function of the system ''electron + phonon'' was chosen in the form:
ð5Þ where Uðx 1 ; x 1 . . . x n Þ is the wave function of the system of independent harmonic oscillators, and wðrÞ is the electron wave function at the C point of the Brillouin zone which was obtained from ABI-NIT 6 It should be noticed that the initial electron wave function wðrÞ was calculated without taking into account the spin-orbit interaction; therefore, it looks like 5 :
where the matrices 1 0 and 0 1 define the spinup and spin-down states, respectively. Then, using the procedure described in Ref. 1, one can define the expression for electron-polar optical (PO) phonon transition probability:
where G is a number of unit cells in a crystal volume; M Zn , M Se are atomic masses; N LO ; N TO is the number of longitudinal (LO) and transverse (TO) phonons with a frequency x LO and x TO , respectively; a 0 is the lattice constant; e 0 is the dielectric constant and the following notation is introduced:
The calculation the value of integral A PO over the volume of the unit cell was made by breaking the elementary cell into several parts, by transition from a spherical to an oblique coordinate system and, after that, by using a three-dimensional Bspline interpolation 18 for calculation the values of the function u Ã u. This approach yields the next value for the integral: A PO ¼ 23:39 Â 10 À20 m 2 . Consideration of the electron-nonpolar optical (NPO) phonon interaction within the short-range approach yields the following expression for the transition probability 5 :
where d 0 ¼ À0:371 eV is the optical deformation potential constant. The magnitude d 0 was calculated as an average value of three optical deformation potential constants corresponding to one longitudinal and two transverse branches of the lattice optical vibrations. The latter were evaluated using the finite displacement method 5 and three-dimensional B-spline interpolation. 18 The accuracy of the finite displacement method was $ 4% for the longitudinal branch and $ 47 11% for transverse branches.
Using short-range principles to describe the process of the electron-acoustic phonon (AC) scattering, one can obtain the expression for transition probability for this type of interaction 3 :
where E AC ¼ À0:049 eV is the acoustic deformation potential constant; c jj and c ? are the longitudinal and transverse sound velocity, respectively, and the elastic character of scattering is taken into account.
The magnitude E AC was calculated as an average value of three acoustic deformation potential constants, corresponding to one longitudinal and two transverse branches of the lattice acoustic vibrations. The latter were evaluated using the finite displacement method 5 and three-dimensional Bspline interpolation. 18 The accuracy of the finite displacement method was $ 11% for the longitudinal branch and $ 37 3.6% for transverse branches.
In Ref. 5 it was shown that in the frameworks of the short-range scattering model, the coordinate dependence of the potential energy of the electronpiezoelectric (PZ) phonon interaction has spherical symmetry and is similar to a case of PO-scattering. This determines the value A PZ ¼ A PO ¼ 32:83 Â 10 À20 m 2 for the integral over the volume of the unit cell. As a result, using the procedure described in Ref. 3 one can obtained the transition probabilities for the electron scattering on piezoacoustic (PAC) and piezooptic (POP) phonons:
where e 14 is the non-vanishing component of the piezoelectric tensor of the sphalerite structure and the elastic character of PAC-scattering was taken into account. Using of the short-range approach to electron scattering on the ionized impurity (II) yields the next expression for transition probability:
where N II is the concentration of ionized impurities, and Z i is the multiplicity ionization of impurity. The potential energy of an electron-ionized impurity interaction is spherically symmetric, so for calculating the value A II , a method similar to POscattering was used. This yields A II ¼ 0:572Â 10 À10 m À1 . Within the framework of the short-range models, the electron scattering on neutral impurity (NI) and static strain (SS) centre can be described by these expressions for transition probability 2, 5 :
where N NI is the neutral impurity concentration;
is the Bohr radius; and C % 0:1; q ¼ jk 0 Àkj; N SS is the concentration of the static strain centers. In (14) N SS is the only fitting parameter which remains, but at the present time a method for calculating the value of this concentration remains unknown.
COMPARISON OF THEORY AND EXPERIMENT
The calculated temperature dependences of electron mobility in sphalerite zinc selenide were compared with experimental data presented in Ref. 19 . The Fermi level was determined from the neutrality equation for a semiconductor with donors and compensated acceptors:
where N D , N A , E D are the donors, acceptors concentration and donor ionization energy, respectively. When determining the Fermi level, the parameters of the ZnSe defect structure were used: Table II .
Comparisons of the theoretical curves and experimental data of the temperature dependence of electron mobility are presented in Fig. 1a -e. Solid curves 3 were calculated on the basis of the shortrange scattering models within the framework of the exact solution of Boltzmann's kinetic equation. 32 Dashed curves 1 and 2 were calculated on the basis of the long-range scattering models within the framework of relaxation time approximation (see Appendix B in Ref. 5): curve 1 corresponds to the case of low temperatures hx > > k B T ð Þ, whereas curve 2 corresponds to the case of high temperatures hx < < k B T ð Þ . Comparison of theoretical curves obtained by these two approaches with experimental data shows that the short-range scattering models demonstrate much better qualitative and quantitative agreement with experiments, compared with long-range scattering models. This indicates that the short-range models more realistically describe the charge carrier scattering processes than do the long-range models.
To clarify the roles of different scattering mechanisms in Fig. 2a and b, the dashed curves represent the corresponding mobility for the samples with minimum and maximum defect concentration. The main scattering mechanism at low temperatures for zinc selenide is static strain scattering (curve 7). Less noticeable, but not neglected, is the role played by the piezoacoustic (curve 4) and neutral impurity (curve 8) scattering. At high temperatures the dominant scattering mechanism is polar optical phonon scattering (curve 5). It should be noted that a higher defect concentration determines the higher temperature at which the PO-scattering mechanism dominates. Other scattering mechanisms-AC-, NPO-, POP-, II-scattering-play negligibly small roles. This temperature distribution for the scattering mechanisms determines the temperature dependence of the electron's Hall factor (see Fig. 3 ). It is seen that the minimums of these dependences are observed at the temperature where the transition from one scattering type (SS-scattering at low temperatures) to another scattering type (PO-scattering at high temperatures) occur. The transition temperature depends on the defect concentration: higher defect concentration determines higher transition temperature.
CONCLUSIONS
We considered electron scattering processes on the various types of crystal defects in sphalerite zinc selenide crystals on the basis of short-range principles. We calculated the transition probabilities of scattering processes using the ab initio wave function and the crystal potential, obtained within the PAW formalism as implemented in the ABINIT software suite. It was established that the results obtained within the short-range models much better agree with the experimental values than those calculated on basis of the long-range models in the relaxation time approximation. We believe that the success of the approach proposed here is due to a combination of the short-range models and the allelectron self-consistent wave functions and potentials obtained on the PAW basis. Local Electron Interaction with Point Defects in Sphalerite Zinc Selenide: Calculation from First Principles
